A descriptive account is given of our most recent actinide research on the actinide dioxides with the Advanced Light Source Molecular Environmental Science (ALS-MES) Beamline 11.0.2 soft x-ray scanning transmission x-ray microscope (STXM) at the Lawrence Berkeley National Laboratory (LBNL). The ALS-MES STXM permits near-edge x-ray absorption fine structure (NEXAFS) and imaging with 30 nm spatial resolution. The first STXM spectromicroscopy NEXAFS spectra at the actinide 4d 5/2 edges of the imaged transuranic particles, NpO 2 and PuO 2, have been obtained. Radiation damage induced by the STXM was observed in the investigation of a mixed oxidation state particle [Np(V,VI)] and was minimized during collection of the actual spectra at the 4d 5/2 edge of the Np(V,VI) solid. A plutonium elemental map was obtained from an irregular PuO 2 particle with the dimensions of 650 nm x 650 nm. Pu 4d 5/2 NEXAFS spectra were collected at several different locations from the PuO 2 particle and were identical. A representative oxygen K-edge spectrum from UO 2 was collected and resembles the oxygen Kedge from the bulk material. The unique and current performance of the ALS-MES STXM at extremely low energies (~100 eV) that may permit the successful measurement of the actinide 5d edge is documented. Finally, the potential of STXM as a tool for actinide investigations is briefly discussed.
Introduction
The emergence of microspectroscopic and fluorescence-based techniques has permitted investigations of actinide materials at sources of soft x-ray synchrotron radiation. [1] [2] [3] [4] [5] Spectroscopic techniques with fluorescence-based detection are particularly useful and have immediate utility for actinide investigations since they are sensitive to small amounts of material, and can be bulk sensitive, thereby avoiding complications of clean surface preparation and the safety considerations that accompany. A most recent complementary development along these lines has been the use of the scanning transmission x-ray microscopy (STXM) spectromicroscopy to investigate small particles of actinide materials. [6, 7] STXM enables high resolution near-edge x-ray absorption fine structure (NEXAFS) spectroscopy and imaging, both at the 30 nm length scale with thin sample materials. [8, 9] STXM is particularly amenable to studies of radioactive materials because it operates at ambient pressure thereby removing concerns about vacuum, uses fully sealed sample holders, and in theory only requires a tiny amount of sample material, e.g., a single particle of 10 fg. There are several actinide electron energy levels residing in the soft x-ray region, one of which is of particular utility for STXM. Also of particular relevance for actinides and soft x-ray STXM is the capability to probe the K-edges of the light elements such as carbon, nitrogen, and oxygen that are frequently involved in the chemical bonding in a range of actinide materials. An example of this is the actinide oxides and specifically, the actinide dioxides. Actinide dioxides are of great technological importance as nuclear fuel materials, in the long-term storage of excess defense materials, in the aging processes associated with weapons, and in the environmental transport of actinides. [10] Oxygen K-edge NEXAFS is an excellent probe of the covalency of an actinideoxide bond, since actinide 5f/6d bonding with the O 2p forms an antibonding orbital weighted towards the actinide contribution. [11] This manuscript presents a descriptive account of our most recent, on-going actinide research, development, and results centered on the actinide dioxides at the Advanced Light Source Molecular Environmental Science (ALS-MES) Beamline 11.0.2 STXM of the Lawrence Berkeley National Laboratory (LBNL).
Experimental
The ALS-MES Beamline 11.0.2 is a 5.0 cm period elliptical-polarization undulator (EPU) beamline located at LBNL. The ALS-MES STXM resides on branchline 11.0.2.2 which has been optimized for STXM operations. [6, 12, 13] The combination of zone plates and the performance characteristics of the beamline provides a regular operational energy range of 120 eV to 2160 eV. The appropriate choice of available zone plates and monochromator settings results in spatial resolution of better than 30 nm and a resolving power (E/∆E) of 5000 to 7500 for NEXAFS spectroscopy. [14] The ALS-MES STXM primarily functions in transmission and utilizes two transmission detectors. The first mode utilizes a photomultiplier with a scintillator detector and the second is a silicon photodiode. Currently, the STXM operates with higher count rate and substantially better signal to noise with photodiode detection. Further technical details about the ALS-MES beamline and STXM can be obtained from the ALS-MES web site. [15] The ALS-MES STXM collects data in single energy imaging, line scan, and multiple energy image scans (stacks). In the two energy dependent modes, lines or images are obtained with the energy being changed in a stepwise manner between each line or image acquisition. From these measurements, spectral information for a single position or selected area can be extracted. The package. This permits the use of solid samples as well as wet or liquid samples. In the latter case, the sample volume must be small and preparation must be quick to avoid liquid evaporative loss.
A prerequisite for general STXM samples is that they have an accessible thickness dimension of around a few hundred nanometers depending on the elemental cross-section, energy of the absorption edge, and local elemental concentration. Particle sizes of about 100 nm to 1000 nm are generally suitable and sample materials are often ground to a fine powder to obtain particles of appropriate dimensions.
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The actual application of radioactive material to the first Si 3 N 4 window is done using a standard inspection microscope at 30x magnification. A 2 cm human hair fiber fixed to a tantalum wire is used to gather particulates which attach to the fiber and subsequently transfer the radioactive powder or paste to the surface of the window. Due to the malleability of the fiber, it is simply tapped directly onto the window. Once the particles have been distributed on the first window, another window is aligned with the first and is hermetically sealed along the edges with adhesive.
The materials employed in these initial studies were 238 Radioactive sample package holders were handled, loaded, unloaded, and the ALS-MES STXM certified as non-radioactive following the completion of the experiments. Small metal foil containers are inserted into the STXM prior to use with radioactive materials so that if a ceramic window breaks, the radioactive material will be captured. The STXM is simultaneously pumppurged with He to avoid pulling vacuum on the sample packages.
Results and Discussion Figure 1 shows the on-resonance absorption contrast images taken at the corresponding peak energies in Table I along with the 4d 5/2 NEXAFS spectra recorded from particles with nominal compositions of UO 2 , NpO 2 , and PuO 2 , respectively. The NEXAFS transition from the actinide 4d 5/2 initial state is to the 5f states. Depending on Z, the corresponding transition energies are separated from their 4d 3/2 spin-orbit partners by 40-50 eV (not shown). The Np and Pu dioxide spectra are the first NEXAFS obtained by spectromicroscopy from transuranic particulates in the soft x-ray energy region at these absorption edges. The NEXAFS spectra are the average absorption from a selected two-dimensional projection into the three-dimensional particle. A summary of the experimentally-derived parameters for the actinide 4d 5/2 edges obtained in these initial investigations and reference information are summarized in Table I Actinide elemental maps may be generated from two single-energy STXM images obtained at different energies, one at the actinide 4d 5/2 edge maximum and one several eV below the edge.
The images are first converted to optical density and then pixel-wise subtracted from each other yielding a map showing increased signal contrast where plutonium is present. A plutonium image on resonance and a plutonium elemental map obtained from a PuO 2 particle are shown in Figure 4 . Pu 4d 5/2 NEXAFS spectra were obtained from several different regions of the PuO 2 particle. Region-averaged NEXAFS spectra were constructed from the entire particle, the central region, and from the edge region alone (~50 nm into the particle from the interface). All of the Pu 4d 5/2 spectra appear the same. No beam induced alteration was noted during the spectromicroscopy of the PuO 2 particle. In a similar manner, chemical state or species-specific maps could also be obtained by contrasting specific NEXAFS spectral features, either actinide 4d or even oxygen K-edge, to one another.
The oxygen K-edge NEXAFS spectrum recorded from the UO 2 particle of Figure 1 is shown in Figure 5 . There is a clear pre-edge feature located at about 532 eV, a shoulder on the main absorption threshold at 535 eV, and the main broad absorption manifold is centered around 540 eV. The oxygen K-edges have also been collected from several of the other common uranium oxide materials. [23] The spectromicroscopy NEXAFS spectrum agrees with those obtained by normal NEXAFS methods and theoretical calculations. [24] However, there are some slight differences in the pre-edge feature intensity and an oscillation at about 550 eV is not fullyresolved. It is possible that the slight loss of pre-edge feature intensity may be related to the transmission versus total electron yield detection modes.
Similar NEXAFS spectromicroscopy measurements have been recently made at the oxygen Kedges of the Np and Pu dioxides. For the case of NpO 2 , initial oxygen K-edge extended x-ray absorption fine structure (EXAFS) has been obtained and the proper oscillations observed, although the signal-to-noise ratio needs improvement. The oxygen NEXAFS spectrum from NpO 2 is consistent with the electron energy loss spectroscopy (EELS). [22] Oxygen K-edge NEXAFS spectra have also been collected from the PuO 2 particle of Figure 4 at the same locations as the Pu 4d 5/2 NEXAFS spectra. There is no spectral difference between the bulk-like regions. However, the edge region of the particle shows a marked difference in the pre-edge intensity relative to the main absorption feature. [25] One of the limitations of current actinide STXM investigations is the necessity to use the actinide 4d absorption edges for extracting chemical and electronic structure information. The absorption cross-section is small at these edges. The chemical shifts of the 4d edges, as mentioned in the experimental section, are small and careful measurements are required. The electronic information obtainable from these 4d edges is more valuable as this is not a commonly studied set of edges and can provide insight on 5f electron behavior. [20] There is not a STXM, even the ALS-MES STXM that can operate near or much below 120 eV to access the actinide 5d edges.
With the actinide 5d as an objective, the capabilities to run the ALS-MES STXM at photon energies below the actinide 5d edges with a 40 nm zone plate are undergoing development. Soft x-ray STXM is a promising technique for the investigation of a range of actinide materials, particularly those with light element constituents, and is user-friendly in this energy region since it does not require a vacuum environment. Furthermore, the amount of actinide material required is small, which reduces safety concerns. Reaching its full potential depends on continued developments and the completion of fundamental actinide reference materials studies to fully define the complete capabilities of STXM actinide spectromicroscopy. For the investigation of actinide particulates, STXM is unique and will make contributions to science directly involved with small particles of actinides or in any system in which actinides are locally concentrated.
Thus, STXM will be suitable for examining the distribution and speciation of actinides in several environmental and biosciences applications. Single energy STXM images of a mixed oxidation Np(V,VI) salt particle. The left image shows the particle prior to a linescan across the center of the particle. There is clear evidence of radiation damage after the linescan in the image on the right. The darker spot near the center of the particle is due to earlier beam damage prior to collection of the unaltered spectrum. The size of the actual main particle is about 500 nm and the apparent size difference between the images is due to slightly different STXM focal settings. 
